A peripheral membrane protein of Ϸ43 kDa (rapsyn) clusters muscle nicotinic acetylcholine receptors (AChRs), but molecules relevant to clustering neuronal AChRs have not been identified. Here, we have detected rapsyn transcripts in the chick nervous system, localized rapsyn mRNA in ciliary ganglion (CG) neurons, which are known to cluster AChRs, and identified three rapsyn cDNAs derived from the ganglion. Our initial Northern blots, performed using a mouse probe, revealed rapsyn-like transcripts in chick muscle and brain. To develop species-specific probes, we prepared a chick rapsyn cDNA construct, Ch43K.1, that encodes a protein having extensive homology to mouse rapsyn. Using primers designed to anneal near the 5Ј and 3Ј boundaries of Ch43K.1, three prominent cDNAs were amplified from chick muscle templates by reverse transcriptase based-PCR. Products of similar size were also amplified using cDNA prepared from neuronal tissues expected to contain clustered AChRs (CG and brain), whereas none were detected using templates from tissues not displaying clustered AChRs (sensory ganglia and liver). In situ hybridization confirmed that rapsyn mRNA is expressed both in chick muscle fibers and in CG neurons. Sequencing the three cDNAs amplified from CG templates revealed the largest to be Ch43K.1, whereas the smaller two may represent splice variants. These findings suggest that multiple rapsyn-like molecules are involved in clustering the distinct AChRs expressed by muscle fibers and neurons.
A peripheral membrane protein of Ϸ43 kDa (rapsyn) clusters muscle nicotinic acetylcholine receptors (AChRs), but molecules relevant to clustering neuronal AChRs have not been identified. Here, we have detected rapsyn transcripts in the chick nervous system, localized rapsyn mRNA in ciliary ganglion (CG) neurons, which are known to cluster AChRs, and identified three rapsyn cDNAs derived from the ganglion. Our initial Northern blots, performed using a mouse probe, revealed rapsyn-like transcripts in chick muscle and brain. To develop species-specific probes, we prepared a chick rapsyn cDNA construct, Ch43K.1, that encodes a protein having extensive homology to mouse rapsyn. Using primers designed to anneal near the 5Ј and 3Ј boundaries of Ch43K.1, three prominent cDNAs were amplified from chick muscle templates by reverse transcriptase based-PCR. Products of similar size were also amplified using cDNA prepared from neuronal tissues expected to contain clustered AChRs (CG and brain), whereas none were detected using templates from tissues not displaying clustered AChRs (sensory ganglia and liver). In situ hybridization confirmed that rapsyn mRNA is expressed both in chick muscle fibers and in CG neurons. Sequencing the three cDNAs amplified from CG templates revealed the largest to be Ch43K.1, whereas the smaller two may represent splice variants. These findings suggest that multiple rapsyn-like molecules are involved in clustering the distinct AChRs expressed by muscle fibers and neurons.
Key words: 43 kDa protein; rapsyn; neuronal AChR; clustering; synapse; mRNA transcripts
Components of chemical synapses are organized in restricted domains (for review, see Jessell and Kandel, 1993) . At the neuromuscular junction, nicotinic acetylcholine receptors (AChRs) aggregate in the postsynaptic membrane at 1-2 ϫ 10 4 /m 2 (Fertuck and Salpeter, 1974) directly across from ACh release sites (Heuser and Reese, 1981) . Clustered AChRs are crucial for transmission, because ACh applied outside the endplate evokes small, subthreshold depolarizations (Kandel et al., 1991) . Rapsyn (AChR-associated protein at synapses) is a 43 kDa peripheral membrane protein believed to be crucial for establishing AChR clusters on mammalian muscle fibers (for review, see Froehner, 1991; Apel and Merlie, 1995) . Compelling evidence for this role is that rapsyn and AChRs form clusters when co-expressed in heterologous cells, whereas no clusters are detected when AChRs are expressed without rapsyn (Froehner et al., 1990; Phillips et al., 1991a,b; Brennan et al., 1992; Yu and Hall, 1994) . Recent studies also show that muscle from mutant mice carrying a deletion of the Rapsn gene lacks the ability to cluster AChRs (Gautam et al., 1995) . Taken together, the findings indicate that rapsyn is sufficient and necessary for clustering muscle AChRs and, because rapsyn expressed alone forms aggregates (Phillips et al., 1991b) , suggest that it initiates receptor clustering, possibly by first stabilizing AChRs in microclusters.
Although nicotinic synapses are present on neurons Harris et al., 1971; Margiotta and Berg, 1982; Jacob et al., 1984; Wilson Horch and Sargent, 1995) , mechanisms relevant to clustering neuronal AChRs have not been elucidated. Given the functional similarity of neuromuscular and neuronal nicotinic synapses and the homology of neuronal and muscle AChRs (for review, see Sargent, 1993) , rapsyn-like molecules could participate in clustering neuronal AChRs. We obtained initial support for this hypothesis from Northern blots indicating that rapsyn-like mRNA transcripts are expressed in chick brain. To develop speciesspecific probes for isolating the associated neuronal cDNAs, we cloned and characterized a rapsyn cDNA, Ch43K.1, from a chick muscle library. Ch43K.1 encodes a protein having 91% homology to rodent rapsyn and displays exon borders similar to those determined previously for the mouse Rapsn gene (Gautam et al., 1994) . Interestingly, PCR primer pairs, annealing to the 5Ј and 3Ј boundaries of Ch43K.1, amplified multiple rapsyn-like cDNAs from chick muscle, brain, and ciliary ganglion (CG) templates. Because CG neurons display two major nicotinic AChR subtypes (containing either ␣7 subunit or ␣3 ϩ ␣5 ϩ ␤4 subunits) (see Vernallis et al., 1993 ) that cluster both in or near the postsynaptic membrane (Jacob et al., 1984; Wilson Horch and Sargent, 1995) , the localization of ganglionic rapsyn transcripts was assessed by in situ hybridization and the PCR products characterized by subcloning and DNA sequencing. The results reveal expression of Ch43K.1 mRNA in CG neurons and heterogeneous ganglionic rapsyn cDNAs, both of which suggest that rapsyn-like molecules may be involved in clustering AChRs on the neurons.
A preliminary account of our findings has been published previously (Margiotta and Burns, 1995) .
MATERIALS AND METHODS
Northern blots. Total RNA was isolated from embryonic day 16 -17 (E16 -E17) chicken brain, liver, or pectoral muscle by homogenizing the tissues in 6 M urea, 3 M lithium chloride, 0.1% SDS, followed by phenol/chloroform extraction and ethanol precipitation (modified from Auffray and Rougeon, 1980; Snutch et al., 1990) . mRNA was purified by two rounds of poly(A ϩ ) selection using affinity chromatography on oligo(dT)-cellulose (Sambrook et al., 1989) , fractionated by electrophoresis on 1.0% agarose gels containing 6% formaldehyde, and transferred to Hybond-N nylon filter membranes (Amersham, Arlington Heights, IL). A mouse rapsyn cDNA insert, 1A15, obtained by deleting 5Ј untranslated sequences from M43K.1 to remove an upstream AUG (Froehner, 1989) was excised by digestion with SphI and EcoRI endonucleases and separated on a 1% agarose gel by electroelution into DEAE-cellulose membrane (NA45, Schleicher and Schuell, Keene, NH). Referred to here as M43K.1A, the insert was provided in pBluescript (Stratagene, La Jolla, CA) by Dr. Stanley Froehner (University of North Carolina).
32 P-labeled M43K.1A cDNA probe was synthesized, with DNA polymerase primed by random hexanucleotides in the presence of [␣- 32 P]dCTP, using a labeling kit (Promega, Madison, WI) following the manufacturer's instructions. Filters were incubated in prehybridization solution containing 5ϫ SSPE, 2.5ϫ Denhardt's solution, 200 g/ml salmon sperm DNA, and 1% SDS at 55°C for 4 -5 hr, and then hybridized overnight at 55°C in the same solution containing 10% dextran sulfate and the 32 P-M43K.1A probe at 1-3ϫ 10 6 cpm/ml. Nonspecific radioactivity was removed by washing the filters twice for 15 min each at 55°C in 2.0, 1.0, 0.5, and 0.2ϫ SSPE (all concentrations containing 0.1% SDS). Filters were wrapped in plastic film and exposed to Kodak XAR-5 film (Rochester, NY) for 5 d at Ϫ80°C with a Lightning Plus intensifying screen (DuPont, Billerica, MA).
Library construction and screening. Total RNA was extracted from E16 -E17 chick pectoral muscle by homogenization in 4 M guanididium thiocyanate, followed by phenol/chloroform extraction and ethanol precipitation (Chomczynsky and Sacchi, 1987) . The RNA was then treated with 1 U/l Rnase-free DNase I (Boehringer Mannheim, Indianapolis, IN) and poly(A ϩ ) RNA purified as described above (Sambrook et al., 1989) . First-strand cDNAs were synthesized in a 50 l reverse transcription reaction containing 100 ng /l poly (A ϩ ) RNA, 75 mM KCl, 50 mM Tris-HCl, 3 mM MgCl 2 , 1 mM dNTPs (Pharmacia, Piscataway, NJ), 10 mM DTT, 1 U/l RNase inhibitor, 10 M random hexamers (Pharmacia), and 20 U/l Superscript II reverse transcriptase (RT) (Life Technologies, Gaithersburg, MD) at 37°C for 1 hr. The second strands were synthesized from the single-strand cDNA templates using Escherichia coli DNA polymerase I (500 U/ml, Promega) in the presence of E. coli ribonuclease H (20 U/ml, Promega) for 1 hr at 12°C and 1 hr at 21°C, and the ends blunted with T4 DNA polymerase (40 U/ml, Promega) for 1 hr at 37°C. After phenol extraction and ethanol precipitation, the blunt-ended double-strand (ds) cDNAs were ligated to EcoRI-NotI linkers (50 g /ml, Stratagene) using T4 DNA ligase (30,000 U/ml, New England Biolabs, Beverly, MA) at 16°C overnight. Excess linkers and small cDNAs were removed by fractionation over agarose beads (Biogel A-50m, Bio-Rad, Hercules, CA). The linked, ds cDNAs were then ligated into EcoRIpredigested nondephosphorylated bacteriophage gt10 arms (Stratagene) and packaged into phage heads using Gigapack II Gold packaging extract (Stratagene). The 1.5 ml cDNA library was stored at 4°C and its titer determined at 4 ϫ 10 6 pfu/ml. For each screen, bacteriophage was diluted, mixed in top agarose with NM514 (Hfl ϩ ) bacteria, and poured on 150 mm NZCYM culture plates at Ϸ3 ϫ 10 4 pfu/plate. After 6 -10 hr at 37°C, the plates were moved to 4°C for 1-12 hr and the plaques transferred in duplicate to Hybond-N nylon filter membranes (Amersham) following the manufacturer's instructions. Filters were incubated in prehybridization solution containing 6ϫ SSC, 5ϫ Denhardt's solution, 50 g /ml denatured salmon sperm DNA, and 0.5% SDS at 50°C for 4 -5 hr, and then hybridized overnight at 50°C in the same solution containing heat-denatured 32-P-labeled M43K.1A cDNA probe at 1-3 ϫ 10 6 cpm/ml. Nonspecific radioactivity was removed by washing the filters twice for 15 min each at room temperature in 2.0ϫ SSC containing 0.1% SDS and twice for 15 min each in the same wash solution at 55°C. Filters were exposed to Kodak XAR-5 film for 1-3 d at Ϫ80°C with an intensifying screen. Twelve positive plaques isolated from three primary screening plates of 5 ϫ 10 5 recombinants were purified by repeated rescreening and phage DNA stocks prepared from each clone. The cDNA clones were then excised from gt10
with EcoRI or NotI, separated on 1% agarose gels, and electroeluted into DEAE-cellulose membranes (Schleicher and Schuell, NA45). A total of seven gel-purified cDNA inserts were then subcloned into the phagemid pBluescript II KSϩ (Stratagene) and used to transform XL-1 blue bacteria (Stratagene) for dideoxy-DNA sequencing and excision as probes.
DNA sequencing. Sequence information was obtained from both DNA strands by the dideoxynucleotide method using a Sequenase kit, following the manufacturers instructions (USB, Cleveland, OH). Briefly, pBluescript plasmid DNA clones containing inserts to be sequenced were denatured in the presence of universal and/or synthetic oligonucleotides and DMSO, then cooled to allow for annealing. Primers were extended with addition of a dNTP mixture including 35 S-labeled dATP. Chain growth was terminated by the addition of a dideoxynucleotide triphosphate and the reaction stopped with formamide and EDTA. Samples were denatured and run on a 6% acrylamide (Acryl-a-Mix 6, Promega) electrophoresis gel. Gels were washed with a 5% methanol/5% acetic acid buffer, dried, and exposed to x-ray film overnight at room temperature. Sequence data from the autoradiographs were read using a gel reader interface (CBS, San Diego, CA) and analyzed with the MacVector sequence analysis software package (V5.0, Oxford Molecular).
Reverse transcription-PCR. Total RNA was isolated from E15-E17 chick tissues using the guanididium thiocyanate procedure outlined above (Chomczynsky and Sacchi, 1987) . To minimize the possibility of amplifying genomic DNA, RNA (100 -500 ng) was treated with 0.1 U/l Amplification Grade RNase-free DNase (Life Technologies) and then used for cDNA synthesis as described above, except that 10 U/l reverse transcription was used and the reactions were performed at 40°C for 1 hr. An identical reaction lacking reverse transcription served as control for possible amplification of genomic DNA. The resulting cDNAs were then used as templates for PCR amplifications in 25-100 l reactions containing 50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl 2 , 400 M dNTPs, 0.1 U/l Taq DNA polymerase (Boehringer Mannheim), and 0.4 M sense (S1) and antisense (A1) oligonucleotide primers (synthesized by Genset, La Jolla, CA) corresponding to regions of the chick muscle rapsyn (Ch43K.1) near the respective 5Ј and 3Ј termini (see Fig. 2 B) . In some cases, a second round of PCR amplification was performed using cDNAs amplified in the first round as templates and a pair of nested oligonucleotides (S2, A2) as primers. The nested primers were synthesized to include GCTCTAGA (underlined below) at their 5Ј ends, such that amplification products would contain termini suitable for digestion with XbaI and subsequent cloning into XbaI-digested pBluescript. The 5Ј to 3Ј sequences of the primers and their corresponding nucleotide positions (in parentheses) in Ch43K.1 are S1: A (49) GTGGATTTGGGATTCTAC (67) ; A1: A(1514)GTCCCGGTCACACGTAT (1497) ; S2: GCTCTAGAT (70) ; and A2: GCTCTAGAG (1399) CAGTTG-GTTGTTCTTCTC (1381) .
In all cases, PCRs were performed in a thermal cycler (MJ Research, Catham, NJ) using an initial 45 sec melt step at 93°C, followed by 30 cycles of annealing (50°C, 45 sec) and extension (72°C, 60 sec), and terminated with an extension at 72°C for 4 min. The amplified cDNA products were separated by electrophoresis on 1-2% agarose gels and visualized by staining with 0.5 g /ml ethidium bromide.
Southern blots. Southern blots improved the sensitivity for detecting cDNAs beyond that provided by ethidium-stained gels. cDNAs, generated by PCR amplification with S1 and A1 and separated in agarose gels, were transferred to Hybond-N membranes according to the manufacturer's specifications (Amersham) by applying pressure (75 psi) for 1 hr using a pressure-blotting apparatus (PosiBlot 30 -30, Stratagene). The DNA was cross-linked to the Hybond filters by UV irradiation (Stratalinker, Stratagene, La Jolla, CA) for 1 min. As probe, a FokI digestion fragment internal to both outer and inner primer pairs (corresponding to nucleotides 876 to 1167) (see Fig. 4 A) was isolated from a Ch43K.1 precursor and then subcloned into SmaI-digested pGEM 3Zf (Promega), thereby creating the plasmid pChIN. After excision with HindIII/SacI, pChIN insert was gel-purified and 32-P-labeled cDNA probe synthesized in vitro to 1-2 ϫ 10 6 cpm/ml using DNA polymerase primed with random hexanucleotides, as described above. Filters were prehybridized and then hybridized overnight in the same solution containing the 32-P-labeled ChIN probe. The filters were subsequently washed to high stringency (65°C; 0.2ϫ SSC), wrapped in plastic film, and exposed to Kodak XAR-5 film for 0.5-48.0 hr at Ϫ80°C.
In situ hybridization. Antisense or sense riboprobes were transcribed in the presence of digoxigenin-11-UTP from either EcoRI-linearized pChIN using SP6 RNA polymerase (antisense) or HindIII-linearized plasmid using T7 RNA polymerase (sense). Labeling efficiency was assessed using dot blots by comparing the immunological reactivity of synthesized RNA with a serial dilution of digoxigenin-labeled control RNA using antidigoxigenin Fab fragments conjugated to alkaline phosphatase (Boehringer Mannheim). Ciliary ganglia, pectoral muscles, and livers were dissected from E16 -E17 chick embryos, fixed in PBS containing 4% paraformaldehyde for 1-2 hr, cryoprotected in PBS containing 30% sucrose, and frozen in Tissue-Tek OCT tissue freezing medium (Miles, Elkhart, IN) . Cryostat tissue sections were cut at 15 m and thawmounted onto SuperFrost Plus glass slides (Fisher, Pittsburgh, PA), air-dried, and then stored at Ϫ80°C. In situ hybridization was performed as described by Paradies and Steward (1996) . Briefly, frozen sections were thawed, fixed for 10 min in cold PBS containing 4% paraformaldehyde, then washed 5 min in 5ϫ SSC. Tissue was permeabilized by treatment with 2.6 g of proteinase K/ml of 0.1 M Tris, 50 mM EDTA, pH 8.0, for 30 min at room temperature, then washed 10 min in 5ϫ SSC. Sections were prehybridized in a buffer containing 50% deionized formamide, 2.2ϫ SSC, 1.1% Denhardt's solution, 11% dextran sulfate, 0.5 mg /ml tRNA, 0.25 mg /ml salmon sperm DNA, 0.5 mg/ml heparin, 5 l /ml DEP-C treated H 2 O for 1 hr at 42°C, after which ϳ5 ng sense or antisense riboprobe in a total volume of 15 l buffer was added to each section and allowed to hybridize at 55°C overnight. After hybridization, slides were washed briefly in 2ϫ SSC, 1 mM EDTA. Nonspecific binding of probes was removed by incubation in 20 g of RNase A /ml of 0.5 M NaCl, 10 mM Tris, pH 8.0, for 30 min at room temperature. Sections were washed to a final stringency of 0.1ϫ SSC, 1 mM EDTA at 55°C for 2 hr. Hybridization was visualized by immunolocalization of the digoxigenin using antidigoxigenin Fab fragments (Boehringer Mannheim) diluted 1:1000 in TBS containing 10% bovine serum albumin. Alkaline phosphatase was reacted with either 3-Nitro blue tetrazolium salt and 5-bromo-4-chloro-3-indoyl phosphate overnight at 4°C or a fluorescent substrate, 2-hydroxy-3-naphtoic acid-2Јphenylanilide phosphate, coupled with Fast Red TR (Boehringer Mannheim) for 60 min at room temperature.
RESULTS

Northern blot hybridization analysis
Initial evidence that rapsyn genes are expressed in the chick nervous system was obtained from Northern blots using a mouse rapsyn cDNA probe (M43K.1A) (Fig. 1) . The probe hybridized with chick muscle transcripts of ϳ2.0, 4.0, and 6.0 kb (lanes D, E). In addition to the predominant species at 2.0 kb (Frail et al., 1988; Froehner, 1989) , hybridization with larger transcripts has also been reported for Torpedo electrocytes and Xenopus embryos (Frail et al., 1987; Baldwin et al., 1988) . Interestingly, the mouse rapsyn cDNA probe also hybridized with chick brain mRNA transcripts (lanes B, C). Brain was used as a neuronal RNA source for these experiments, because tissue limitations made it impractical to routinely purify microgram quantities of mRNA from ciliary ganglia (estimated at 2-10 ng /ganglion). The sizes of the hybridizing chick brain transcripts (Ϸ5.8, 4.0, and 2.0 kb) closely paralleled those detected in muscle mRNA, but the signal was generally less intense. The probe showed no detectable hybridization with mRNA obtained from chick liver (lane A). Because liver mRNA contains neither detectable levels of neuronal AChR protein (Smith et al., 1985; Halvorsen and Berg, 1986 ) nor subunit mRNA (Boyd et al., 1988) , this control indicates appropriate tissue specificity for the hybridization observed with muscle and brain transcripts (lanes B-E).
Identification of chick muscle rapsyn cDNAs
To obtain species-specific probes and primers for isolating neuronal rapsyn-like cDNAs, an embryonic chick pectoral muscle cDNA library was prepared and screened with the mouse muscle rapsyn cDNA. A total of 1.5 ϫ 10 6 recombinants were screened, resulting in the isolation and plaque-purification of twelve clones Ն1 kbp, seven of which were subcloned in pBluescript and their sequences determined. One clone (8 Not 1580) (Fig. 2 A) features a 972 bp open reading frame and displays extensive homology with the 5Ј two thirds of M43K.1A (data not shown), including the position of the putative translation start ATG (see below). A second clone, also generated by NotI digestion (5.1 Not 1750) ( Fig.  2A) , contains a 1050 bp reading frame that overlaps in sequence with 8 Not 1580 over a 783 bp region and features an in-frame stop TGA. The nonoverlapping regions of the clones (dashed lines) coincide with interruptions by possible introns, as described for the mouse Rapsn gene (Gautam et al., 1994) . Because the total RNA used to create the library was treated with DNase I before poly(A ϩ ) selection (see Materials and Methods), we assume that both 5.1 Not 1750 and 8 Not 1580 arose from reverse transcription of hnRNA transcripts, and not from contaminating genomic DNA. The cDNA inserts were digested at a common BspHI restriction site and the appropriate size fragments isolated and ligated (Fig. 2 A) and subcloned into NotI-digested pBluescript, creating the plasmid pCh43K.1.
Sequencing the 1548 bp pCh43K.1 insert revealed a continuous 1236 bp open reading frame bounded by translation initiation and termination codons starting at positions 268 and 1504, respectively (Fig. 2 B) . Although an in-frame ATG is also found at position 244, the ATG starting at position 268 is more likely to represent the true translation initiation codon. First, a purine (G) is three positions upstream from A 268 , thereby providing a more appropriate context for translation initiation than the pyrimidine (T) three positions upstream from A 244 (Kozak, 1986) . Second, comparison of Ch43K.1 with cDNAs from mouse BC3H1 cells (Frail et al., 1988; Froehner, 1989) , Xenopus (Baldwin et al., 1988) , and Torpedo (43k.7) (Frail et al., 1987) reveals an abrupt loss of (Gautam et al., 1994) are shown as inverted Ts separating the appropriate exon numbers. Leucine as well as isoleucine and methionine residues (leucine alternatives) (see Landschulz et al., 1988; Froehner, 1991) within the leucine zipper motif of exon 2 are depicted in boxes. The underlined region (from nucleotides 876 to 1167) represents a cDNA fragment (ChIN) used to prepare probe for detecting PCR products on Southern blots (see Materials and Methods; Fig. 4) . Bold arrow segments near the 5Ј and 3Ј borders indicate regions corresponding to distal (S1 and A1) and nested (S2 and A2) sense-antisense synthetic oligonucleotide primer pairs used in PCR experiments (see Materials and Methods; Results). otherwise extensive homology 5Ј to A 268 in all three cases (data not shown), suggesting that these regions of the clones represent 5Ј untranslated sequences. Because the open reading frames of chick and mouse rapsyn cDNAs are highly homologous and regions corresponding to exon borders in mouse (Gautam et al., 1994) are preserved in chick, the borders of eight exons can be tentatively assigned for Ch43K.1 (Fig. 2 B) . The tentative exon identification is useful here, because partial and complete deletions of exon 2 are detected in neuronal Ch43K.1 variants (see below) and may have functional relevance. The 3Ј end of Ch43K.1 features an in-frame translation termination TGA starting at nucleotide 1504 but lacks a poly(A) tail in the subsequent 3Ј untranslated region (1507-1549). The absence of a poly(A) tail is not surprising, however, because the cDNA library from which the clones were generated was primed with random hexamers rather than with oligo dT primers (see Materials and Methods).
Characterization of chick muscle rapsyn
Ch43K.1 is predicted to encode a 46.8 kDa rapsyn protein composed of 412 amino acids. Alignment of the chick sequence with those of proteins encoded by Torpedo 43k.7 Frail et al., 1987) and mouse (Frail et al., 1988; Froehner, 1989) cDNAs and with that of a partial sequence obtained from Xenopus (Baldwin et al., 1988) revealed extensive interspecies homology (Fig. 3) (see below) . The overall percent identity/ homology of chick muscle rapsyn with mouse (412 amino acids, 46.4 kDa) and Torpedo (412 amino acids, 46.5 kDa) rapsyns is 86/91 and 79/87%, respectively, and with the Xenopus rapsyn peptide (399 amino acids, 45.5 kDa) is 89/94%.
Chick muscle rapsyn displays the same structural motifs thought to represent functional domains in mouse (Froehner, 1991) , where they have been correlated with individual exons (Gautam et al., 1994) . Of the 64 amino acids encoded by mouse exon 1, the N-terminal 15 residues are highly conserved with only two nonidentities among chick, mouse, Xenopus, and Torpedo rapsyn proteins. In all four species, this conserved motif (Fig. 3,  FA) includes a glycine at position 2 (G2) and small uncharged residues at positions Q3 and T6, an appropriate context for recognition by N-myristoyl-transferase (Froehner, 1991; Gautam et al., 1994) . For mouse rapsyn, preventing N-terminal myristoylation by converting G2 to A reduced the formation of plasma membrane rapsyn aggregates, suggesting that N-terminal addition of myristic acid is necessary for efficient intercalation into the lipid bilayer (Phillips et al., 1991b) . Within the boundaries encoded by mouse exon 2 (residues 65-177), two putative leucine heptad repeat motifs (L82-L110 and M129 -L150) forming eight and six ␣-helical turns, respectively, have been identified (Froehner, 1991; Phillips et al., 1991b; Gautam et al., 1994) . These "leucine zippers" (Landschulz et al., 1988) are highly conserved among chick, mouse, Xenopus, and Torpedo rapsyn proteins (Fig. 3, LZ1, LZ2 ), and coincide with two of the eight tetratrico peptide repeats (TPR3 and TPR4) recently proposed for rapsyn proteins (Ponting and Phillips, 1996) . Both structures are ␣-helical, and LZs have been speculated to permit rapsyn homodimerization or het- Figure 3 . Homology of the predicted chick rapsyn protein with those from Torpedo, Xenopus, and mouse. Individual amino acid residues were aligned without insertions or gaps, beginning at the start methionine. Identical and similar residues are included within the large box borders; identical residues are shaded. Domains corresponding to fatty acid myristoylation (FA), leucine zipper (LZ1, LZ2), and zinc finger (ZF ) motifs of mouse rapsyn, as well as a conserved hydrophobic middle region (HY ), are indicated by the dark bars.
erodimerization with other membrane-associated proteins by coiled coil interactions (Phillips et al., 1991b) . In the region corresponding to that encoded by mouse exon 3 (residues 178 -230) five tyrosine residues are conserved in chick rapsyn (Fig. 3,  asterisks) and could serve as substrates for tyrosine kinase phosphorylation accompanying AChR clustering (Hall and Sanes, 1993) . The entire mouse exon 4 encodes a region (residues 231-263) that is particularly well conserved among chick, mouse, Xenopus, and Torpedo (Ϸ88% identity) and includes a hydrophobic domain (Fig. 3, HY ) speculated previously to form nonionic interactions with AChR subunits independent of any leucine zipper interactions (Phillips et al., 1991b) . Consistent with the functional importance of rapsyn's central region, a truncated mouse protein lacking the leucine zipper and hydrophobic domains (residues 16 -254) failed to cluster AChRs but formed normal rapsyn aggregates (Phillips et al., 1991b) . Finally, mouse exons 7 and 8 encode two tandem zinc-binding motifs (residues 363-402) conserved among chick, mouse, Xenopus, and Torpedo rapsyns (Fig. 3, ZF ) that fit the CCCH-HCCC two-finger sequence (Froehner, 1991) . These "zinc-finger" motifs have been implicated in mediating rapsyn homoaggregation, because mutations in the region greatly reduce rapsyn clustering (Scotland et al., 1993) .
Detection of multiple rapsyn transcripts in muscle and neuronal tissues
Synthetic oligonucleotide primer pairs derived from Ch43K.1 cDNA (Fig. 2 B) were used to amplify rapsyn-like cDNAs from chick muscle and neuronal templates obtained by reverse transcription of total cellular RNA (Fig. 4) . Using the outer (S1 and A1) or inner (S2 and A2) PCR primer pairs in separate amplifications of Ch43K.1 template revealed single ethidium-stained products on agarose gels (Fig. 4 A, lanes 2, 3) having the expected sizes of ϳ1470 or 1350 bp. When amplifications were performed using the S1 and A1 primer pair on chick muscle cDNA templates, three products of ϳ1350, 1150, and 500 bp were detected in addition to the expected product of ϳ1500 bp (Fig. 4 A, lane 4 ) . The muscle products were judged to represent amplified cDNA rather than genomic DNA templates, because RNA was always pretreated with DNase, and because no products were detected in amplifications where reverse transcription was omitted from the initial reverse transcription reaction (e.g., Fig. 4 A, lanes 5, 7, 9 ). In addition, the products do not arise from a general cellular transcript, because control experiments using the same S1 and A1 primer pair revealed no ethidium-stained products using cDNA templates generated from liver or dorsal root ganglion (DRG) (see below). The latter control is noteworthy, because whereas chick DRG neurons express functional nicotinic AChRs (Margiotta and Howard, 1994) and AChR ␣-subunit mRNA (Boyd et al., 1991) , they are not known to receive synaptic inputs and do not form aggregates of mAb35 immunoreactivity that would be indicative of clustered AChRs (J. Margiotta, unpublished observations). The RT-PCR detection of several muscle-derived rapsyn cDNAs, in addition to the expected 1500 bp product, suggests that multiple rapsyn transcripts are expressed in chick muscle. , 3) revealed single products of Ϸ1470 or 1350 bp after amplification of Ch43K.1 insert using primer pairs S1/A1 or S2/A2, respectively. Subsequent test reactions (lanes 4 -9) using only the S1/A1 primer pair reveal products amplified from muscle (Mu), ciliary ganglion (CG), or brain (Br) cDNA templates, synthesized by reverse transcription of cellular RNA (ϩ; lanes 4, 6, 8) . Note that multiple products are amplified from muscle cDNA templates (ϳ1500, 1350, 1150, and 500 bp; lane 4 ), whereas only a 500 bp product is amplified from brain and ganglionic templates (lanes 6, 8) . Negative controls, using "sham" reverse transcriptions from corresponding muscle, brain, and CG reactions lacking RT (Ϫ; lanes 5, 7, 9) , revealed no products. pGEM DNA marker was loaded in lanes 1 and 10, and sizes are labeled at left. B, Tissue PCR products amplified as in A were detected by Southern blot hybridization using the 32-P-labeled ChIN probe (see Materials and Methods; Fig. 2 B) . Autoradiograms exposed for 1 hr from reactions using muscle templates (lane 1) detected the three cDNA products (ϳ1500, 1350, 1150) resolved on ethidium-stained gels (compare with A) as well as a less intense product at 1000 bp. Subsequent lanes (3-10) depict PCR products amplified from CG, Br, DRG, and liver (Lv) templates exposed for 10 -24 hr. Note that the same two product sizes seen for Mu reactions (ϳ1500 and 1350 bp) are also resolved in CG and Br reactions (lanes 3, 5) and that an additional product of 1600 bp is detected in CG. No products are detected in amplifications from DRG (lane 7 ) or 4 Lv (lane 9) templates, even after exposures Ͼ36 hr. As in A, ϩ (lanes 1, 3, 5, 7, 9) and Ϫ (lanes 2, 4, 6, 8, 10 ) denote presence or absence, respectively, of RT from the initial reverse transcription reaction. Lane 11 depicts the migration of the 292 bp 32-P-labeled ChIN probe. Size markers are pGEM standards (in base pairs) reproduced from the original agarose gel (data not shown).
When the S1 and A1 primer pair was used to amplify cDNA templates generated by reverse transcription of chick brain or CG RNA, only the 500 bp PCR product was detected on ethidiumstained agarose gels (Fig. 4 A, lanes 6, 8) . Because Northern blots suggested that rapsyn-like mRNA transcripts are expressed at low abundance in chick brain (Fig. 1) , the sensitivity of the RT-PCR assay was increased to detect products generated by templatelimited amplifications. This was accomplished by transferring the gel-fractionated products to nylon filter membranes and probing the filters at high stringency with 32-P-labeled pChIN insert DNA corresponding to nucleotides 876 -1167 of Ch43K.1 (Fig. 4 B) . In control amplifications of muscle cDNA, the resulting autoradiograms exposed for Ϸ1 hr revealed three major products at 1500, 1350, and 1150 bp indistinguishable in size from those detected on ethidium-stained gels, as well as a faint product at Ϸ1000 bp (compare Fig. 4 B, lane 1 with 4 A, lane 4 ) . After exposures Ͼ2 hr, an additional product of Ϸ700 bp was also apparent (data not shown). The ability to detect the 1000 and 700 bp products probably reflects the higher sensitivity of this assay over ethidium staining. Alternatively, the 500 bp product apparent on agarose gels after amplifications of muscle, CG, or brain templates was not detected on the Southern blots even after exposures Ͼ10 hr. We interpret this finding to mean that the 500 bp product lacks sufficient sequences complementary to the ChIN probe used for the Southern blots. Using the Southern approach, brain and CG autoradiograms exposed for Ն10 hr (Fig. 4 B, lanes 3, 5) revealed products at 1500 and 1350 bp that were indistinguishable in size from the two largest products detected from identical amplifications using muscle templates. Interestingly, a third product (Ϸ1600 bp), larger than expected for amplification of Ch43K.1 cDNA using S1 and A1, was also detected in amplifications from CG templates. The CG and brain products do not represent amplification of genomic DNA, because they were undetected in reactions lacking cDNA (lanes 4, 6 ), nor do they represent a transcript common to all cells, because they were not seen, even after long exposures (Ն72 hr) in test reactions from DRG or liver (lanes 7, 9). These results support the idea that multiple rapsynlike cDNAs (corresponding to products at 1500, 1350, and 500 bp) are expressed as mRNA in chick muscle, brain, and CG. They suggest further that a 1600 bp product may represent a rapsyn-like cDNA unique to the CG.
Cellular localization of rapsyn transcripts
Rapsyn transcript was localized in tissue sections from chick pectoral muscle and ciliary ganglia by nonradioactive in situ hybridization histochemistry (Fig. 5 ) using riboprobes transcribed from linearized pChIN. Hybridization visualized using either fluorescent or nonfluorescent substrates for alkaline phosphatase gave similar results in three separate experiments. In chick pectoral muscle sections, hybridization with antisense riboprobe revealed intense labeling of striated muscle fibers and muscle spindles, whereas intervening connective tissue was unlabeled (Fig.  5 A, B) . Muscle sections hybridized with sense (control) riboprobe displayed no labeling above background levels ( C). In CG sections, the antisense riboprobe hybridized with mRNA transcript contained within a subpopulation of cells ( D) identified previously as neuronal by their large size, round shape, and basophilic staining (Thomas et al., 1993) . When sections were examined using bright-field differential interference contrast optics, most of the label was seen to be contained within neuronal cell bodies (e.g., compare arrows in D and E). Hybridizing ganglion sections with sense (control) riboprobe revealed no detectable specific labeling ( F). In two separate experiments, liver sections hybridized with antisense pChIN probe displayed no labeling above background levels (data not shown). These findings confirm the expression of Ch43K.1 mRNA within chick muscle fibers and CG neurons and demonstrate that at least some fraction of the transcripts amplified by RT-PCR (Fig. 4 B) are expressed by the neurons in situ.
Identification of neuronal rapsyn-like cDNAs
Because CG neurons express two major AChR subtypes (Vernallis et al., 1993) and both subtypes form postsynaptic clusters (Jacob et al., 1984; Wilson Horch and Sargent, 1995) , we next focused on characterizing rapsyn-like cDNAs derived from the ganglion. To obtain quantities of cDNA sufficient for isolation and subcloning, secondary amplifications were performed using a nested primer pair (S2 and A2) (Figs. 2 B, 6 ). Ganglionic cDNA templates for these amplifications were obtained from aliquots of PCR reactions primed by the outer pair (S1 and A1) or by separating products from such reactions on low-melting-point agarose gels and excising regions expected to contain material of 800 -1600 bp. Using either approach, three discrete products of Ϸ1350, 1250, and 1000 bp were detected on ethidium-stained agarose gels (Fig. 6 A) . Assuming homology with Ch43K.1, the templates for these secondary amplifications would be 120 bp larger than the products (i.e., 1470, 1370, and 1120 bp, respectively), given the locations of inner and outer primer annealing sites (Fig. 2 B) . It is interesting to note that these presumed template sizes are indistinguishable from the three major PCR products detected from primary amplifications of muscle cDNAs and correspond to two of the brain and ganglionic primary PCR products of 1500 and 1350 kbp detected on Southern blots (Fig.  4) . The 1120 bp template inferred from secondary amplifications of ganglionic cDNA correlates well with the 1150 bp product obtained in primary amplifications of muscle cDNA. A correlate of the 1600 bp ganglionic fragment amplified using the outer primers and detected on Southern blots has not yet been identified in secondary amplifications using the nested primer pair (compare Figs. 4 and 6 A) . This finding would be explained if the 1600 bp ganglionic product differed from Ch43K.1 by the inclusion of a unique region, 5Ј, to that recognized by A1 and replacement of the site recognized by A2.
To determine the relationship of the ganglionic cDNAs to Ch43K.1, the products from secondary amplifications were isolated by gel purification and subcloned (Fig. 6 A) for sequencing. Thus far, complete sequence information has been obtained for three CG plasmid clones (CG7, 11, and 4) (Fig. 6 B) , and an additional five clones have been partially characterized (CGB, 8, 9, 12, and 3) . Clone pCG7 contains a 1330 bp insert, CG7, which is identical to Ch43K.1 over the region bounded by primers S2 and A2 (nucleotides 70 -1399). Clone pCG11 contains an 1183 bp insert identical to CG7 except for an in-frame 147 bp deletion corresponding to Ch43K.1 nucleotides 460 -606 (Fig. 6 B) . Partial sequence information and PCR detection indicate that clones pCGB, 8, and 9 are identical to pCG11 (data not shown). Similar results indicate that clone pCG12 is similar to CG11, but not identical in the deleted region. CG4 contains a 991 bp insert, identical to Ch43K.1 except that it displays a more extensive in-frame 339 bp deletion than CG11, which corresponds exactly to the nucleotides comprising proposed exon 2 (460 -798). Clone pCG3 appears identical to pCG4. The insert sizes of the ganglionic clones correspond well to the 1350, 1250, and 1000 bp cDNA products amplified from ganglionic templates with primers S2 and A2 (Fig. 6 A) . Because internal regions that would recognize the rapsyn probe used for Southern hybridizations are conserved in all three clones (data not shown), failure to detect a correlate of CG4 after primary amplifications (Fig. 4) probably reflects very low abundance of its associated transcript in the ganglion. Whereas CG7 is likely to represent expression of Ch43K.1 transcript in both muscle and neuronal tissues, the relationship of CG11 and CG4 to muscle-derived cDNAs is less clear. Based on their size match with the primary muscle PCR products (compare Figs. 6 A and 3A) and their overlapping restriction profiles (data not shown; see Discussion), we speculate that both CG11 and CG4 represent Ch43K.1 cDNA variants having transcripts expressed in both neuronal and muscle tissues.
Comparing CG11 and CG4 cDNA sequences with Ch43K.1 exon borders (Fig. 2 B) inferred from the mouse Rapsn gene (Gautam et al., 1994) provides some insight into the origins of the chick rapsyn cDNA variants. In particular, CG11 lacks the 5Ј half of exon 2 starting at the putative AG/GT splice site and extending through the first LZ motif. CG4 lacks precisely all of exon 2, from 5Ј to 3Ј putative splice sites, including both LZ motifs. Because CG11 contains a part of the proposed exon 2, its origin is unclear. Its presence may be the result of transcription from a novel gene or indicate that exon 2 arises by splicing of multiple exons. Because CG4 lacks all of proposed exon 2 and is delimited by appropriate splice sites, however, it may represent a variant that arises by alternative splicing of the same gene that gives rise to Ch43K.1.
DISCUSSION
Rapsyn is a peripheral membrane protein believed to drive AChR clustering on mammalian muscle fibers. We initiated this study to determine whether genes encoding rapsyn-like molecules are also expressed in the nervous system, where they might be relevant to clustering neuronal AChRs. Based on clues from initial Northern blots and experiments using probes developed by cloning a chick muscle rapsyn cDNA (Ch43K.1), our results both support and extend this hypothesis.
Northern blots using a mouse muscle cDNA probe provided initial evidence for the expression of rapsyn-like transcripts of Ϸ6.0, 4.0, and 2.0 kb in both chick muscle and brain. Multiple rapsyn transcripts have also been detected by Northern analysis in Torpedo electric tissue (at Ϸ1.6, 3.0, 5.0, 6.0 kb) (Frail et al., 1987) and Xenopus embryos (at Ϸ2.0 and 4.0kb) (Baldwin et al., 1988) . Alternative splicing of a single gene is likely to be involved in Figure 5 . Localization of rapsyn mRNA transcript in chick muscle and ciliary ganglion. Tissue sections were hybridized with digoxigenin-labeled antisense or sense ChIN riboprobe, treated with anti-digoxigenin Fab conjugated to alkaline phosphatase, and visualized by bright-field (muscle) or fluorescence (ganglia) optics after reaction with a suitable substrate (see Materials and Methods). In muscle sections hybridized with the antisense ChIN riboprobe ( A), rapsyn mRNA is evident within extrafusal muscle fibers and spindles (arrow), whereas only background levels are detected after hybridization with the sense riboprobe ( C ). An unlabeled muscle section stained for hematoxylin and eosin ( B) shows the muscle fiber and spindle morphology (arrow) more clearly. In CG sections hybridized with the antisense ChIN riboprobe, rapsyn mRNA is evident in neurons ( D), whereas no specific reaction product was detected after hybridization with the sense riboprobe ( F ). Many of the labeled neurons in D clearly overlap with neuron soma profiles revealed when the same section is viewed with bright-field differential interference contrast optics (e.g., arrows in D, E ). Scale bars, 50 m.
generating diverse rapsyn transcripts. For example, 43k.7 and 43k.1, the two Torpedo rapsyn cDNAs derived from 5.0 and 1.6 kb transcripts, respectively, encode a full-length protein of 412 amino acids and a truncated protein lacking 23 C-terminal amino acids (Frail et al., 1987) . The two Torpedo cDNAs begin to diverge at the exon 7-8 border, as identified from the mouse Rapsn gene, and the full-length protein would be predicted if intron 7 were spliced out, whereas failure to remove intron 7 would result in the termination of transcription and a truncated protein (Gautam et al., 1994) . In mouse, the Rapsn gene (Gautam et al., 1994) apparently encodes a single 2.0 kb muscle transcript (Frail et al., 1988) , and brain transcripts were not detected by Northern analysis (Frail et al., 1987) . These findings suggest that a single type of mammalian rapsyn transcript forms a protein having a role restricted to clustering muscle AChRs. Our Northern blot and RT-PCR (see below) results detecting multiple rapsyn transcripts in chick muscle and neural tissue may reflect a less restrictive role for avian rapsyn proteins.
To develop chicken probes, a rapsyn cDNA (Ch43K.1) was constructed from partial clones isolated by screening an embryonic chick muscle library. Several aspects of the findings warrant note. First, Ch43K.1 represents a novel avian cDNA that was cloned from an authentic muscle cDNA library. Whereas Ch43K.1 is highly homologous to the cDNAs encoding Torpedo 43k.7, Xenopus, and mouse rapsyn proteins, the earlier strategies used electrocytes (Torpedo), whole embryos (Xenopus), or transformed cell lines (mouse BC3H1 cells) as source tissue to generate mRNA. This raises the possibility that the resulting clones were not wholly representative of normal muscle. Second, the exon borders described for the mouse Rapsn gene (Gautam et al., 1994) are preserved in Ch43K.1. Although assignment of such borders is useful for explaining the origin of one truncated cDNA we subsequently detected and identified from chick CG, the exon border identification is tentative and awaits direct verification. Third, the predicted full-length chick rapsyn protein displays the same structural motifs thought to represent functional domains in other species (for review, see Froehner, 1991) . In mouse, such domains are loosely correlated with individual exons of the associated Rapsn gene (Gautam et al., 1994) .
Using PCR and Ch43K.1 primers, we detected multiple rapsynlike cDNAs of comparable size in templates derived from chick muscle or nervous tissue RNA sources. A number of trivial explanations for the findings can be rejected. First, detection of multiple cDNAs is not likely to represent a PCR artifact, because appropriate-size products were amplified when Ch43K.1 was used as template. Second, the products amplified from nervous system templates are unlikely to arise from genomic DNA, because all RNA preparations were treated with DNase before reverse transcription and products were never detected without cDNA synthesis. Third, the products detected in the nervous system are unlikely to represent amplification of contaminating muscle templates. For both ciliary and DRG, bits of adherent muscle tissue are removed by careful dissection, and yet products are amplified specifically from ciliary but not from DRG templates. Furthermore rapsyn-like products are amplified from chick brain but not from liver-derived templates, and yet both tissues are readily isolated with negligible risk of muscle contamination. Based on these considerations, the simplest explanation for our findings is that multiple transcripts for rapsyn-like proteins are expressed in both chick brain and CG. Coupling PCR with Southern blot hybridization using the ChIN probe was a key step in detecting neuronal rapsyn-like cDNAs and correlating their sizes with those derived from muscle. An obvious and intriguing exception to this general correlation is the 1600 bp amplification product detected Figure 6 . Isolation, cloning, and characterization of rapsyn-like cDNAs derived from ciliary ganglia. A, Ganglionic cDNAs were reamplified using the nested primer pair (S2/A2), uncovering three products at 1350, 1250, and 1000 bp (lane 2) on ethidium-stained agarose gels. As in Figure 4 , no products were detected when RT was omitted from the initial reverse transcription reaction (lane 3). Three of the cDNAs were subcloned (CG7, CG11, and CG4) and displayed insert sizes appropriate to the corresponding PCR products (lanes 4-6, respectively) . B, Sequencing cDNA inserts from each of the ganglionic clones. Only nucleotides within and surrounding exon 2 (boxed region bordered by inverted Ts) are depicted, with dashes indicating nucleotides missing from CG11 or CG4 numbering above CG7 indicating the corresponding position in Ch43K.1 (see Fig. 2 B) . Amino acid residues encoded by CG7 and missing from CG11 or CG4 are shown in one letter code below CG4, with leucine, isoleucine, and methionine (leucine alternatives) (see Landschulz et al., 1988; Froehner, 1991) residues in boxes.
